Nucleic acids are routinely and readily analysed using the A 260 /A 280 ratio, although this method is known to be prone to erroneous results owing to contaminants in solution that absorb at similar wavelengths. The aim of the present review, while highlighting the problems and alternatives of using UV spectrophotometry for nucleic acid measurements, is to bring forth an observational result from our recent studies, namely that DO (dissolved oxygen) and nitrogen can alter the A 260 of aqueous DNA solutions. Our finding is of importance because DO is highly variable between protocols and storage conditions of DNA preparations. The physicochemical nature of the oxygen-DNA interactions is briefly discussed.
Introduction
UV absorption spectrophotometry is, perhaps, one of the oldest and, to date, the most widely taught and practised methods, applied during the preliminary analyses of single-and double-stranded DNA and RNA solutions, regardless of the source, physical form and method of nucleic acid preparation. Reasons for this include the ease, speed and low cost incurred while embarking on absorbance measurements [1] [2] [3] [4] .
It is classic textbook knowledge that double-stranded DNA absorbs maximally at 260 nm, which, using BeerLambert's law, can be correlated in absorbance units (in the linear range) with the concentration of the absorbing species. The aromatic nitrogen-containing bases mostly contribute to the observed absorbance in the UV region, and thus the nucleic acid concentration (± 0.5 μg/ml) can be extrapolated using the equation
where ε is the molar absorption coefficient, l the path length and c the concentration.
One absorbance unit corresponds to 50 μg/ml of DNA and 40 μg/ml of RNA [1] [2] [3] [4] . However, significant perturbations in the quantification of nucleic acid solutions can arise due to the presence of contaminants, which, in the case of DNA, are mainly RNA, proteins, phenols/phenolate and other remnants from the extraction process (Table 1) . Because RNA spectral profiles are indistinguishable from Key words: dissolved oxygen/nitrogen, DNA purity, DNA quantification, nucleic acid measurement, oxygen-DNA interaction, UV spectrophotometry. Abbreviations used: CT complex, charge-transfer complex; DMT, N,N-dimethyl p-toluidine; DO, dissolved oxygen. DNA and because proteins absorb maximally at 280 nm, an A 260 /A 280 ratio of 1.8 is used as a marker of the purity of a DNA preparation. Further, the ratio can also be corrected by using A 320 to account for turbidity:
DNA purity (A 260 /A 280 ) = (A 260 -A 320 )/(A 280 -A 320 ) [1] [2] [3] In addition to chemical species [5] , physical conditions such as temperature, pH and salt concentration of the buffer also significantly affect the UV absorbance of nucleic acids, with temperature-assisted hyperchromism being employed to monitor the 'melting' state of double-stranded DNA and to optimize hybridization protocols in PCR experiments [1] [2] [3] [4] .
Owing to the various sources of error in quantification by the above method, fluorescence-based techniques have been introduced that employ intercalating dyes such as diaminobenzoic acid, ethidium bromide, Hoechst 33258, SYBR Green I and PicoGreen that specifically bind to DNA and fluoresce [6] [7] [8] . Furthermore, several studies have shown their superiority over the UV absorbance method, in terms of accuracy and sensitivity [6] [7] [8] [9] [10] [11] [12] [13] . Interestingly, many discrepancies have been shown between the methods, and in one particular study a major fraction of errors was ascribed to 'un-modelled factors' apart from sample-to-sample and handling variations [11] . In yet another study that compared five different quantification methods for commercial DNA preparations, the differences and inaccuracies were explicitly revealed [13] . Interestingly, in the present study, the UV spectrophotometric method overestimated the DNA concentration, obtained from the manufacturer, by 39%, whereas SYBR Green dye staining, slot blot with the D17Z1 probe and RB1 RT (reverse transcription)-PCR gave 27, 11 and 12% higher concentrations respectively [13] . 
Absorption of oxygenated organic compounds
Oxygenation has been known to alter the absorbances of organic compounds since 1953, when Evans observed increases in the absorbance spectra of aromatic compounds, such as phenols and anilines, when oxygen was purged through them, which could be reversed by bubbling nitrogen [14] . Later, experiments with a range of organic aliphatic and aromatic solvents led to an explanation of the phenomenon on the basis of 'charge transfer' between ground-state molecular oxygen and organic compounds [15] [16] [17] [18] . More recently, the proposed 1:1 aromatic/oxygen stoichiometry has been employed in the construction of fibre-optic oxygen sensors [19, 20] . Choi and Hawkins [19, 20] made a number of measurements using DMT (N,N-dimethyl p-toluidine), proposing the reaction for the formation of a reversible contact CT complex (charge-transfer complex).
Among the various decay pathways of the CT complex, with sufficient energy of irradiation singlet oxygen production is one that could further lead to various oxidation events. As verified experimentally, DMT showed hyperchromicity, in a wide spectrum ranging from 500 to 300 nm, and extending further, and more intensively, into the UV regions that corresponded to the DO (dissolved oxygen) concentration of oxygen (Figure 1 ) [19, 20] .
As is evident from Figure 1 and previous studies [17, 19, 20] , the sensitivity to oxygen clearly increases with a decrease in the wavelength used, and because DNA offers a high density of aromatic bases, we hypothesized that molecular oxygen could cause perturbations in its UV spectrum. Oxidative damage to DNA by different ionizing radiation sources, although well studied, is not known to have been investigated in terms of any correlation with the amount of DNA-complexed oxygen [21] [22] [23] [24] , but there is compelling evidence at the tissue level, where tumour hypoxia is known to be associated with poor radiotherapy outcomes [25] [26] [27] .
Oxygenation of DNA
Our research (R. Doshi, P.J.R. Day, P. Carampin, E. Blanch, I.J. Stratford and N. Tirelli, unpublished work) has shown that the UV absorbance of DNA in buffer solution is perturbed when purged with oxygen, either directly from a cylinder or nascent, prepared by the catalytic H 2 O 2 decomposition procedure [28] . We have also observed differences in the amount of A 260 hyperchromicity (approximately ranging from 1.5 to 47.5%) on using various oxygenation regimes such as continuous-steady, pulsed or peaked flow (± 0.2 ml/min), which we believe might be a consequence of the extent and the method used for the generation of the super-saturation condition of DO in solution (Figure 2) .
Interestingly, the increases in absorbance do not linearly correspond to the DO concentration, and so the mechanism operating appears to be different from the observations of earlier groups [14] [15] [16] [17] [18] [19] [20] . Another supporting observation for this speculation is that whereas the other groups additionally noted wavelength shifts on oxygenation, only hyperchromicity was observed for DNA. However, we cannot, at present, rule out the possibility that contrasts exist because our study was performed in aqueous buffer systems as opposed to previous reports in organic solvents because, concurrently with those studies, we have also observed the reversal of the oxygen-led spectral changes, i.e. the hyperchromic effect, on purging nitrogen through the oxygenated DNA solutions.
Importantly, the stability of the observed oxygenation-led hyperchromicity amidst an exponential decrease in DO in solution over time, and the failure of TEMED (N,N,N ,Ntetramethylethylenediamine) to cause any hydroperoxide decomposition effects [29] (DNA hydroperoxides could have possibly formed due to the speculative presence of reactive species [30] ), suggested the physical nature of the reactions between oxygen and DNA to form stable, associative (and most probably pre-oxidative) oxygen-DNA complexes in solution.
Impact on DNA analytics
Measurement of the UV absorbance of DNA is a widely used method for the quantification and assessment of the purity of extracted, directly reconstituted or PCR-amplified nucleic acid [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] . Our work highlighting the changes in the spectral intensities based on the DO/dissolved nitrogen content within an aqueous buffer elicits doubts about the overall reliability of the absorbance measurements, because dissolved gas varies between the source, protocol and physical conditions.
The buffer solutions used in nucleic acid analyses are not routinely degassed and thus contain a certain amount of DO, which then could be expected to exist in a DNA-complexed physical form, coincidently foiling baseline UV absorbance readings. We tested this in our buffer systems, which contained on average 6 mg/l (± 1 mg/l) DO at room temperature, and found that nitrogenation of freshly prepared salmon sperm DNA solutions decreased the calculated concentration by at least 1 μg/ml, which by itself is higher than the hailed S.E.M. of the technique (± 0.5 μg/ml) [1] [2] [3] (Figure 2 ). Just as different procedures/regimes of oxygenation revealed different oxygen-complexing capacities of DNA, variations in nitrogen purges, although not investigated, could be expected to be able to dissociate complexed oxygen differently. Moreover, we have tested these effects on a concentration of DNA that lies at the lower end of the detection limit for most commercial UV-visible spectrophotometers, i.e. 10 μg/ml. An increase in aromatic molecules is also expected to increase the amount of complexed oxygen [18, 19] and consequently cause larger quantification inaccuracies.
Structurally, preliminary CD and Raman spectra of oxygenated DNA solutions suggest that oxygen might induce subtle distortions that are non-secondary, but affect the spatial arrangement of bases relative to the phosphate backbone. Additionally, we have also observed oxygenation effects on single-stranded homo-oligonucleotides. However, the complexed oxygen did not cause any deviation from the base-recognition properties of complementary sequences, i.e. hybridization. This is probably the reason why the oxygen-DNA phenomenon has remained unexplored to date. Consequentially, applying an analogy with single strands and knowing that the nucleic acid oxygenation process is unlikely to be sequence-dependent, we can also expect to see such effects on RNA.
Conclusion
Accurate quantification of nucleic acids is becoming increasingly essential due to their use in routine molecular biology, biochemistry, sequencing, genotyping, gene therapy and RNA interference experiments [7] [8] [9] [10] [11] [12] and more recently in legal forensic sciences [13] . Although the entities or contaminants interfering with the UV spectrophotometric quantification of DNA have been studied in some depth [1] [2] [3] [4] [5] , detailed evidential justifications accounting for the significantly large discrepancies that have been found in the recent comparative studies with fluorescence-based detection techniques have remained elusive [6] [7] [8] [9] [10] [11] [12] [13] . Interestingly, we have observed that dissolved gases, namely oxygen and nitrogen, might be partly responsible for perturbing the UV absorbance of DNA in solution, and thus inherently altering the precise interpretation and accurate reproduction of results. Re-emphasizing the fact that dissolved gases by their very nature are highly variable depending on both chemical and physical factors, such as buffer composition, temperature and pressure, standardized optimization for reproducible protocols is challenging. Our results show that it could be worthwhile to degas the buffer used to dissolve DNA, with an inert gas, such as nitrogen or possibly argon. Further, preliminary structural information from our CD and Raman measurements on oxygenated DNA solutions indicates nonsecondary conformational changes, possibly in the relative base-backbone spatial arrangement, an effect that could be interesting to investigate with more precise structural studies.
